Analyses of DNA polymorphism and virulence variation were used to evaluate the population structure of Xaiithomoiias axonopodis pv. manihotis, the pathogen causing cassava bacterial blight in Colombia. We collected strains from the major cassava-growing regions which can be grouped into different edaphoclimatic zones (ECZs) according to environmental conditions, production constraints, and economic parameters. DNA polymorphism was assessed by a restriction fragment length polymorphism analysis, using anX. axoiiopodis pv. manihotis plasmid DNA sequence (ptlzB) as a probe to evaluate the genetic relatedness among 189 Colombian strains. The sampling intensity permitted the estimation of genetic differentiation within and among ECZs, sites, and fields and even within an individual plant. A multiple correspondence analysis indicated that the Colombian X. axoizopodis pv. manihotis population showed a high degree of diversity relative to X. axonopodis pv. manihotis populations studied previously, and the entire collection was grouped into seven clusters. A general correlation was observed between the clusters and the geographical origin of the strains, as each cluster was largely composed of strains from the same ECZ. Representative strains, identified withpthB, were further characterized by ribotyping, hybridization to two repetitive genomic probes (pBS6 and pBSS), and restriction analysis of plasmid contents to evaluate the complementarity of these markers. Virulence variation was observed within the Colombian collection. Strains of different aggressiveness were found in all ecological zones, but no correlation between virulence variation and DNA polymorphism was observed. The genetic and virulence analyses contribute to understanding the X. axonopodis pv. manihotis population structure in Colombia.
plete genetic structure of a population because of dependence on the host genotypes used. The analysis of genetic variability through molecular markers can reveal the potential for change and the phylogenetic relationships within the population (20) . Genetic diversity of plant pathogens has been assessed with different molecular techniques, such as restriction fragment length polymorphism (RFLP) (17) , random amplified polymorphic DNA analysis (33) , repetitive extragenic palindromic (REP) PCR fingerprinting (1 9) , ribotyping (5), amplification of the rDNA spacer sequences (23) , and the analysis of plasmid content (28) . Recently, amplified fragment length polymorphism analysis has shown potential for use in epidemiological and evolutionary studies of bacteria (14) .
In previous studies, the genetic diversity ofX. axonopodis pv. manihotis was analyzed by using RFLP. This technique is precise and discriminatory in differentiating among X. axoitopodis pv. manihotis strains (40) . Results revealed that the African strains are homogeneous, whereas in South America the pathogen is highly diverse (40) . This is to be expected, because the Manihot genus originates from South and Central America, where the centers of diversity are in Brazil and Mexico (29) . Moreover, the introduction of the pathogen to Africa is relatively recent, and so it has not been subjected to selection pressure long enough to induce variability (25, 39) , although recent RFLP analysis of African strains with a plasmid probe (ptlzB) did distinguish different haplotypes (4) . The appearance of new RFLP types of *Y. axonopodis pv. manihotis in Africa may explain the observed breakdown of resistance in some improved cultivars (4) . Mutations to increased virulence are considered to occur readily among Xmitlioinorius spp. (34) . This may also explain why CBB occurred in epidemic proportions in Africa (4) .
Until now, X. axorzopodis pv. manihotis variability has not after bud break, the immature stems were given stem puncture and leaf inoculations as previously described (40) . Stem puncture. Three plants (i.e., three replicates) per treatment were inoculated. Each treatment consisted of one strain (is., 210 treatments) which was inoculated into the plants by stem puncture receiving one single colony (about 10' CFU ml-I). Symptoms were monitored at 7, 14, and 30 days after inoculation, with the observed reactions rated on the following scale: O, healthy plant, no reaction observed; 1, dark area or necrosis around the inoculation point; 2, gum exudation on stem and petioles: 3, wilting of one or two leaves and exudation; 4, more than two leaves wilted; and 5, complete wilting and die-back. According to the disease reaction, virulence of strains was classified into three categories: O to 2.5 (avirulent), 2.5 to 3.5 (moderately virulent), and 3.5 to 5.0 (highly virulent).
Leaf inoculation. Leaves were inoculated as described by Verdier et al. (38) . A calibrated inoculum of lo8 was placed on a leaf hole. Eight holes per leaf and two leaves per plant were used. The average area of six lesions per strain was estimated 8 days after inoculation by scanning the lesions with a video system (35) and estimating the area with the software Sci-scan (11, 15 ). The leaf reaction was then assigned to one of five pathogenicity classes (A to E), which were determined by a descriptive method (univariate procedure of the SAS package) (30, 31) .
Statistical analysis. Banding patterns of hybridization on autoradiograms obtained with the RFLP analysis using pthB (RFLPlprhB analysis) were used to compare the relatedness of strains. DNA of strains with different banding patterns or putatively different haplotypes underwent electrophoresis on the same gel to confirm band identities and differences. All experiments were done at least twice €or each strain. Each band showing different electrophoretic mobility was assigned a position number after its size was determined in base pairs; the presence (coded 1) and absence (coded O) of each fragment was recorded for each DNA sample. We recorded only clear bands, discarding weak bands from the analysis. A multiple-correspondence analysis was generated by use of the SAS option CORRESP (30, 31) . Three dimensions of the analysis were used to determine the positions of the strains on a three-dimensional graph (2) . The clustering criterion was the average linkage method, and the number of clusters was determined by consensus among the three principal clustering statistics: the cubic clustering criterion, pseudo p, and pseudo t ' (2) (SAS). Average genetic distances between and within clusters were calculated by the IML procedure of SAS (30, 31) .
The diversity of X . ~vonopodis pv. manihotis strains from each ECZ in Colombia and for the entire Colombian collection was calculated by the equation ') , where is the proportion of the ith distinct pthB haplotype within a group (each ECZ or Colombia) and n is the number of strains in each group (26) .
RESULTS
RFLP analysis with ptliB. Each distinct RFLP banding pattern, obtained after hybridization with probe pthB, was regarded as a haplotype. Twenty-six haplotypes were defined among the Colombian strains collected in 1995 (Table 1 and Fig. 2) . A total of 29 bands, ranging from 2.8 to 32 kb, were registered, and one to nine distinct bands were observed per strain. Thirteen haplotypes were each represented by a single strain, whereas other haplotypes (e.g., haplotype C4) were represented by as many as 42 strains (Table 1) . Five reference strains showed haplotypes (haplotypes C2, C7, C12, C16, and (218) that had been recovered several years ago (Table 1) . Some strains collected in 1995, and belonging to one of these haplotypes, were collected in the same ECZ as the strains previously collected. For example, CIAT 1202 isolated in 1981 from E C Z 5 belongs to a haplotype detected only in ECZ 5 during 1995. Of the other reference haplotypes of X. monopodis pv. manihotis previously characterized (40), 10 were not found in the Colombian population collected in 1995 to 1996. The two African strains I47 and I208 showed haplotypes described in Colombia and Brazil, respectively (Table 1) .
Genetic diversity as measured with pthB. The total genetic diversity of the X. axonopodis pv. manihotis collection, determined by RFLPlpthB analysis, was 0.88 (Table 2) . ECZ 2 (acid-soil savannas) had the highest haplotypic diversity (0.78). Fifteen different haplotypes were detected among 86 strains analyzed ( Table 2 ). The strains were isolated from four sites, and 11 of the 15 haplotypes were recovered from just one site (Villavicencio). In ECZ 1, genetic diversity was 0.75 (Table 2) , ' 1, subhumid tropics, 2, acid-soil savannas; 3, humid tropical lowlands; 5, high altitude tropics; 6, subtropics: 7, semiarid. "pfhB haplotypes as described in the text.
Haplotypes as previously described (42).
with nine different haplotypes detected over nine sites. At La Coroza, haplotypic diversity was very high, with three haplotypes detected among five strains (Fig. 1) . Two of these haplotypes, C15 and C16, were collected from two distinct symptoms on the same plant (leaf spots and blights). The haplotypic diversity was very low for ECZ 5 (0.13) ( . . Cluster analysis. Based on the multiple correspondence analyses, the 210 strains constituted seven clusters (Fig. 3) . Three clusters contained monomorphic strains. Cluster 1 contained strains belonging to haplotype C12 (ECZ 2), including the reference strain CLAT 1122; cluster 4 consisted of strains belonging to haplotype C18 and the reference strain CIAT 1133, isolated in 1974; cluster 5 contained all haplotype C4 strains, the only haplotype detected in two different ECZs. Four clusters consisted of strains from a single ECZ: cluster 1 (ECZ 2), cluster 3 (ECZ 2). cluster 2 (ECZ 5), and cluster 4 (ECZ 1). Strains from ECZ 5, a region of high altitude, and the reference strain CIAT 1202, isolated in that region in 1981, formed a distinct cluster (cluster 2). Finally, clusters 6 and 7 contained the most diverse group of strains, with cluster 7 consisting of strains from five different ECZs: some Colombian strains from ECZ 1 and ECZ 2, and a reference strain from each of ECZ 3 (humid tropical lowlands), ECZ 6 (subtropics), and ECZ 7 (semiarid). Distances between and within clusters are s h o w in Table 3 . The within-cluster distance of the cluster composed of ECZ 5 strains was low (0.07). The geographical origin of the different haplotypes in Colombia is shown in Fig.  1 . In each ECZ, a different group of haplotypes was found, except for haplotype C4, which was described for ECZ 1 and ECZ 2, with a higher frequency in ECZ 2.
RFLP analysis with two repetitive probes. On the basis of the RFLPlpthB analysis presented above, 26 strains representing each of the different Colombian haplotypes defined were selected and examined for further characterization with two repetitive probes (pBS6 and pBS8). Twenty-three repetitive patterns of DNA were observed among the 26pthB haplotypes strains, using probe pBS6, and eight were defined by using probe pBS8 (Table 4) . Hybridization profiles with the pBS8 probe were similar to those previously described (40) , where two or three distinct bands were observed for most strains, but multiple bands were observed for another group of strains, e.g., strains collected in ECZ 5 (data not shown). All strains examined contained the pBS6 cloned sequence in high copy number. Banding patterns obtained with the two repetitive probes were not associated with the ECZs.
Ribotyping. (Table 4) . Plasmid analysis. The plasmid content analysis was performed on the set of 26X. axonopodis pv. manihotis strains that represented the 26 pthB haplotypes found in Colombia. The digestion of the plasmid DNAs resulted in fragments with sizes ranging from 3 to 30 kb. Twenty-three plasmid patterns were observed after electrophoresis among the 26 strains (data not shown). Strains that had the same profile had a common geographical origin: CIO-11, CIO-12, and CIO-22, from ECZ 5; and CIO-168 and CIO-171, from ECZ 2 ( Table 4 ). The blots obtained by DNA transfer were hybridized with probeptlzB. The probe hybridized with two to six fragments per strain. Some strains showed a common profile: CIO-81 and CIO-90 (ECZ 1); CIO-11, CIO-12, and CIO-22 (ECZ 5); CIO-151 and CIO-121 (ECZ 2); and CIO-168 and CIO-174 (ECZ 2). No fragment was common to all of the studied strains. RFLP banding patterns of plasmids were similar to those obtained by using genomic DNA differing in one or two bands.
The restriction and RFLP analyses of the plasmid content were examined separately with a multiple-correspondence analysis. Seven clusters were formed in both analyses, and with few exceptions, the clusters contained a highly diverse group of strains isolated in different ECZs (data not shown).
Virulence analysis. Leaves were inoculated with the set of 26 Colombian strains. The control comprised leaves inoculated with sterile water; these did not show any visible reaction. The sizes of the water-soaked areas induced by the X monopodis pv. manihotis strains varied greatly. Strains were clustered into five pathogenicity classes as follows: (Table 4) : 2 in group A (low aggressiveness), 5 in group B, 4 in group C, 13 in group D, and 2 in group E.
All of the X. monopodis pv. manihotis Colombian strains except two (CIO-1 [haplotype C1 from ECZ 21 and CIO-188 [haplotype C12 from ECZ 51) caused characteristic symptoms when inoculated by stem puncture on the susceptible cultivar MCOL 153-2. Virulence variation was observed but did not usually correlate with geographical origin or withpthB clustering (Table 4) . Variation was observed among and within haplotypes. However, for the 13 haplotypes that were represented by more than one strain, the variance of pathogenic diversity within each group was not significantly different (data not shown). In the three ECZs, strains presented identical distributions in all three categories of virulence (Fig. 4) . No correlation was observed between the aggressiveness of the strains upon inoculation on stems or on leaves.
DISCUSSION
Based on DNA and pathogenic analyses and information on the geographical distribution of the pathogen's genetic groups, we can develop a picture of the CBB pathogen's population structure in Colombia. The genetic differentiation of the pathogen population was evaluated at three different levels: fields, sites, and ecozones.
RFLPlpthB analysis. The RFLPIpthB analysis was the most informative technique for assessing the genetic diversity of X.
uxonopoilis pv. manihotis in Colombia. Results show that the Colombian X. uxorzopodis pv. manihotis population is highly heterogeneous (the haplotypic diversity was 0.88), with 26 haplotypes detected among a collection of 189 strains. In Africa, only 14 genetic groups were described with similar techniques, for a collection containing more than 400 strains from different countries located in only two types of ECZ, acid-soil savannas (ECZ 2) and subtropics (ECZ 6) (4). The high degree of genetic variability in Colombia may result from the broad range of conditions under which cassava is cultivated and thus from the diversity of host genotypes. This may be the case in some experimental cassava fields in ECZ 2 and ECZ 1 where germ plasm evaluations are being conducted on a significant diversity of accessions. Strains were isolated from 62 different cassava varieties in ECZ 2 and from 23 varieties in ECZ 1.
High levels of genetic diversity may also be a consequence of the longer history of cassava cultivation in South America, which is the crop's center of origin. A further factor of diversity is the introduction of strains with experimental material (6,
The cluster analysis based on the ptlzB haplotypic composition of the entire collection reflected the distribution of strains among the ecozones. In fact, distinguishing different geographical groups was possible because each ECZ, with one exception (C4), contained its own set of haplotypes. The RFLPIptliB 20). (39) indicate that a high degree of pathogen diversity also exists in other South American countries such as Venezuela and Brazil. The group of strains from ECZ 5 showed a clonal structure (haplotypic diversity = 0.13; within-cluster distance = 0.07). The existence of clonal populations within a country may be caused by geographic barriers (1, 2) and the similarity of cassava varieties cultivated in the region. ECZ 5 fulfills these characteristics: it is located in the mountainous Andean zone (a geographic barrier), where only a few cassava varieties are grown, thus representing a limited genetic base as a result of local preferences and production constraints (13a). Homogeneity within the host population reflected on the pathogen. A clonal structure can be detected with a probe that contains a pathogenicity gene, like pthB, as was demonstrated for some pathovars of Xanthoinonas (32, 39) .
Among the haplotypes recovered several years ago, haplotype C7 is particularly interesting. Strain CIAT 1202 (haplotype C7) was collected 15 years ago in ECZ 5 from Santander de Quilichao, and strains of the same haplotype were later (in 1995) collected in Cajibio, where cassava was only recently introduced. This finding suggests that haplotype C7 probably was propagated from Santander de Quilichao to Cajibio (ECZ 5) through contaminated vegetative material. The exchange of planting material is important within the various ECZs, and fields which are free of CBB may become infected with strains common to other sites.
The pthB probe is carried on a plasmid that is widely distributed among X. monopodis pv. manihotis strains. Plasmid conjugation has not been reported forX. monopodis pv. manihotis. However the conjugative transfer of plasmids is an important way of facilitating genetic exchange between bacteria (10). The restricted exchange of plasmids between strains of a pathogen due to geographical barriers or host selection determines the structure of the population, at least for the plasmidborne information detected bypthB-like probes. The differential variation in plasmid profiles for a host-locality combination may contribute to the existence of ecotypes. This may be the case of ECZ 5 , where the pathogen is found in a particular host-locality combination (see above). Consequently, the ECZ 5 population formed a robust cluster apart from the other clusters regardless of the technique used. RFLP with two repetitive probes and plasmid content analysis. No additional information was obtained with the other RFLP analysis or with the analysis of plasmid content. Even so, by hybridizing the genomic DNA with the pthB probe and comparing the autoradiograms with those obtained with the plasmid DNA, the numbers of hybridizing fragments in the X. monopodis pv. manihotis chromosome can be determined. In most cases, more than two pthB sequences appear to exist in the chromosome. Coplin (10) suggested that plasmids and their hosts' chromosomes have coevolved to constitute a balanced genome. A test for this hypothesis would be to see if RFLP analyses based on genomic and plasmid DNA reveal similar phylogenetic relationships (28) . In our study, RFLP clusterings were very similar in analyses using genomic or plas-I mid DNA, supporting the hypothesis of coevolution between plasmid and chromosomal genomes.
Ribotyping. Ribotyping has been suggested as a rapid way of comparing the genetic relationships among different bacteria (12) and has been useful for studying the epidemiology of the pathogen on a large geographical scale (40) . Based on this analysis, Verdier et al. (40) showed a correlation between ribotypes and geographical origin. Only ribotype 1 was detected within the African strains. The South American strains showed the five possible patterns described for X. moìiopodis pv. manihotis strains (39) . Colombian strains isolated in 1995 showed three patterns, RNA groups 1, 3, and 5 ( Table 4 ).
The hypothesis that the CBB pathogen was introduced to Africa from South America was proposed by Terry et al. in 1979 (36) and supported by Maraite et al. in 1981 (25) . Recent reports also have shown results consistent with this hypothesis (5, 39) . In the present study, the two African strains showed haplotypes detected in Colombia and Brazil, indicating the possibility of their introduction from one or both South American countries.
The geographical distribution of virulence variation must be known if strategies are to be successful against the most virulent strains in a region or against groups of strains showing similar pathogenic behaviors. In the present study, virulence variation was studied in terms of stem reactions on a susceptible cultivar to all strains and in terms of leaf reactions to a selected group of strains. Results showed that the X. axoraopodis pv. manihotis strains isolated in the three ECZs in Colombia are highly virulent, the majority causing complete wilting of the plant when inoculated on stems. On the O to 5 scale, stem reactions varied between 3 and 5, except for CIO-1 and CIO-188. No correlation with geographical origin of strains was observed. No variation in mesophyll colonization was observed in either susceptible or resistant cultivars, suggesting that defense genes express themselves in vascular tissues (16) . This may have caused the lack of correlation between stem and leaf inoculations.
In this study, virulence data were not clearly linked to haplotype groups. However, only one cassava cultivar was used. We will therefore investigate the existence of differential interactions between strains and cassava cultivars, using the results of the genetic analysis presented here. For this, a strategy could be the one proposed by Nelson et al. (27) , which used one strain per RFLP group to inoculate a set of varieties. If the existence of pathotypes is demonstrated, then knowing the X monopodis pv. manihotis pathogenic structure, linked with genetic analyses, will help us to identify ecosystem-specific pathogen populations (3). These populations then can become the targets of resistant genotypes (17) . More information also must be obtained about pathogen genetic variation over time before the deployment of resistance against any possible ecotype of the pathogen can be suggested.
Collectively, the results presented gave an insight into the Colombian X motlopodis pv. manihotis population structure.
The pathogen showed high levels of diversity and geographical differentiation. Different haplotypes were detected in each ECZ. This differentiation will be useful for evaluating germplasm with a specific set of X. uoiiopoilis pv. manihotis strains that represents the range of genetic diversity.
